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ABSTRACT
HYPERFINE SPLITTINGS AND PRESSURE 
SHIFTS OF Li6 AND Li7
by
JOHN J. WRIGHT
The spin-exchange optical pumping technique was used to measure 
the 2S^  ground state hyperfine splittings of Li® and Li? and the hyper­
fine splitting pressure shifts in He, Ne, and Ar buffer gases. The 
measurements were performed at temperatures near 390°C. The results can 
be summarized by giving the zero-pressure intercepts and fractional 
pressure shifts in the various gases.
The fractional pressure shifts for lithium were found to be 
-5.34 ! 0.5 x 10“®/Torr in Ar, 40.5 t 1.0 x 10"®/Torr in Ne, and
_Q
77.7 1 1.0 x 10 /Torr in He. The hyperfine splittings extrapolated to 





The hyperfine splitting frequency of the 2g^ ground state has 
been measured for the hydrogen isotopes and all of the alkali atoms.
The precision of these measurements is far greater than the precision 
of theoretical calculations, and this will undoubtedly be true for some 
time to come. It is not obvious, therefore, that greater precision in 
such measurements would be of immediate use to physicists attempting to 
refine calculations of the structure and interaction of atoms.
In optical pumping experiments involving a buffer gas, the high 
precision of the measurements permits the determination of the small 
perturbing effect due to the presence of the rare gas atoms. This 
interaction produces a shift in the hyperfine splitting frequency (hfs) 
which is a linear function of buffer gas density. Since the density is 
proportional to pressure at constant temperature, this has come to be 
called a pressure shift. The buffer gas pressure shifts provide a 
handle on the low energy interaction of the hydrogen-like atoms with rare 
gas atoms. These pressure shifts have already been measured for the 
hydrogen isotopes*-  ^and the alkali atoms**-® with the exception of 
lithium. It was the purpose of this experiment to measure the pressure 
shifts in the stable isotopes of lithium.
Calculations of the pressure shift of the hydrogen hyperfine 
splitting in the presence of a helium buffer gas have been carried out 
with limited success.1®'11 The correct order of magnitude and sign of 
the shift is predicted. Lithium is the first atom in the periodic table
- 1 -
after hydrogen that has a ground state hyperfine interaction and there-
12fore has attracted a great deal of theoretical interest. Reasonably 
good wavefunctions are known for lithium and helium so it seemB reason­
able to expect the extension of pressure shift calculations to this 
system.
In contrast to the other alkali atoms, the ground state of lith­
ium had never been optically pumped. Other authors^ have pointed out 
that the main difficulties with lithium are:
(a) the fine structure separation of the 2P doublet is too 
narrow (0.15A) to allow separation of the Dj and D2 spectral lines by 
standard methbds;
(b) lithium vapor at high temperatures produces rapid blacken­
ing of all glasses and cracks them when in thermal contact above 200°Cf 
which prohibits the use of a conventional light source for lithium and 
conventional techniques for distilling the alkali into the sample;
(c) because of the relatively high melting point, it is 
necessary to work at temperatures near 400°C in order to have suffi­
ciently high lithium vapor pressure, which prohibits spin-exchange 
optical pumping by conventional techniques due to the low vapor pres­
sures of the other "pumpable" alkalis.
These difficulties were overcome by employing spin-exchange 
optical pumping*** conjunction with a new high temperature technique.^ 
By polarizing the lithium through spin-exchange collisions with optically 
pumped Rb vapor, problem (a) was solved, and problem (b) since a Rb 
light source was used. Putting the lithium on a tungsten rod kept it 
from cracking the glass sample and the buffer gas kept the lithium from 
blackening the Pyrex sample flask by inhibiting diffusion to the walls,
further resolving (b). Spin-exchange optical pumping requires a vapor 
pressure of about 10“® Torr, which occurs at temperatures near 400°C 
for lithium. However, at this temperature the rubidium vapor pressure 
is about 10 Torr. Ordinarily at this temperature there would be so 
much rubidium in the sample flask that all of the incident light would 
be absorbed, resulting in a loss of signal since it is the transmitted 
light that is monitored. Therefore, the Rb density has to be controlled 
independently of the temperature of the sample flask in order to solve 
problem (c). This was accomplished by a method described in ref. 15 
and again in the following text.
The lithium atoms are polarized in a weak magnetic field by spin- 
exchange collisions with optically-pumped Rb atoms. When an rf magnetic 
field induces hyperfine transitions in the Li atoms they are depolarized 
and the spin-exchange collisions depolarize the Rb atoms. This results 
in a detectable change in the intensity of the pumping light transmitted 
by the absorption flask.
Recently (April 1969) Minguzzi, etal.^ have optically pumped 
lithium using an absorption cell of sapphire and a hollow cathode lamp 
with continuous gas circulation. There is an accidental coincidence of 
the Di line of Li^ with the D2 line of Li®; so a lamp containing Li® was
■7
used directly as a Dj source for Li'. No quantitative results have yet 
been published.
Although this is an experimental thesis, there is a certain 
amount of theoretical background necessary for a comprehensive under­




To a first approximation, the atomic nucleus is regarded as a 
point charge Ze and its interaction with a single electron is given by 
the coulomb energy -Ze^ /r. In accordance with quantum theory this gives 
an energy Es-RhcZ^/n^ for the stationary states of the atom, n being the 
principal quantum number.1® If the electron spin is taken into account, 
the interaction between spin and orbital angular momentum gives rise to 
the fine structure,*** characterized by the total angular momentum quantum 
number J; | L—S | < J< L+S . When we consider that the nucleus has 
some angular momentum I which, by virtue of the corresponding nuclear 
moment -j-, is coupled to the total angular momentum J of the elec­
tronic shell we are led to the hyperfine structure. Pauli1? first 
pointed out in 1924 that the existence of hyperfine structure could be 
accounted for if the nucleus had a magnetic moment coupled to the total 
electronic moment. Since that time the theory of hyperfine structure has 
been exhaustively studied and reviewed.1^*1® We denote by hfs the dif­
ferent energy eigenvalues associated with the various total angular 
momentum states of the combined systems characterized by the quantum 
number F; |l-j|£F £ I+J . The interactions can be described as 
magnetic dipole, electric quadrupole, etc. The magnetic dipole term is of 
the order ^  “3 ^  £ eti/2mc • eh/2Mc ^  ^ 3 ^  where m is the electron
mass, M is the proton mass, and r is the radial coordinate of the electron
from the nucleus. The fine structure is of the order (eh/2mc)^z( 
so that the ratio of the hyperfine to fine structure interactions is
)| I Q
given by: hfs/fs 3: m/ZM 2; 10 , hence the terminology "hyperfine”.
Considering the particular case at hand, i.e., the hyperfine 
structure of the 2g^ ground state of lithium, there is no electric 
quadrupole interaction or magnetic dipole interaction due to orbital 
angular momentum. The former is true because in an S-state the spher­
ically symmetric electric field has no gradient at the nucleus to
20interact with the nuclear electric quadrupole moment. The latter is
1 fialso a consequence of zero orbital angular momentum. It can be shown 
that the orbital and dipolar interaction energy is proportional to^C/+l) 
which vanishes for./=0. Thus, only the Fermi Contact magnetic dipole 
interaction,2* due to the electron spin density at the nucleus, is res­
ponsible for the observed hyperfine structure in the ground state of 
lithium.
A rigorous relativistic quantum mechanical derivation of the
Fermi operator is given in Appendix I. This was first derived in 1930 
21by Fermi on the basis of the Dirac equation. The interaction 
Hamiltonian for a magnetic dipole (/*) in an external field (B) is given 
by
H=-/x-B (1)
This can be derived from an expression for the force or torque on a
22localized current distribution in an external field. The following 
derivation,20*23 however, tends to be more physically applicable to the 
case at hand. If A(r) is a vector potential of the field arising from 
the nuclear current distribution and J(r) is the current density of the 
electrons, then the magnetic interaction energy is given by
6.
H=-l/c J* A'J^tr (2)
The vector potential of a magnetic dipole such as that of the nucleus can
be written
AsySXr/r3 (3)
h=-i/cJ * * r / ri'T<lr
= - i / c J “j k ' ( r x f ) / ' r i dr (*o
B=1/c f  * J L l dr (5)
so that
By definition
which is also the magnetic field that the electrons produce at the nucleus. 
Substituting (5) into (4) gives the interaction energy
Consider only the Fermi Contact interaction, i.e. the interaction 
with an S-state electron. The electron magnetic moment is defined as
with g " “2 (6)
whereyU0 is the Bohr magneton. The circulation of this moment about the
00nucleus creates a current density**
i a c\7 x( y* ) (7)





B-/-3S.Jf'7. ♦» g  -!«£*] j r "
The I 4 J components vanish when integrated over J*.
a  u9s k  f  c . i ^  *  a . v »  i . v . t  
B * * J 7* d<
o
«•
0.-/# .jS  |  Jl+1
W fj . * v v ® ‘ ' j  J5X /'•/'» / ¥ W * x ■ f  m
?/,■
There are also purely classical derivations for the Fermi formula.
2ft 25
Ferrell and Rado show that the contact hyperfine field at the nucleus 
is necessarily equal to the magnetic induction in the interior of a 
sphere possessing a uniform electronic magnetization.
Finally, there is the interaction with an external magnetic field
®ex-
** (12) 
The complete Hamiltonian is now
 ^ n  i/v ™  £  i(r *  r  C in the notation oC Ramaey^G)
7Y « 4 r * T - — 1
For the case of Jrfg, so that F=l5g, the secular equation for the 
above Hamiltonian can be solved exactly. This derivation is found in 
Appendix II. The exact solution, known historically as the Breit-Rabi 
Formula^, is i
\jfr | _ _ 4>£ _
V(™  tj^) x B ~ -  a V
hyperfine frequency
iv > .
_ - • Zeeman frequency
■ O  _ C F s  X  + *x ^
- J "
Expanding this to second order in gives for the hyperfine splitting 
frequency
v V € « **F . y ) -  ♦ >/.<«+*')
For Li® (1=1, F=3/2,l/2) the transitions measured were the (F=3/2,mps;|4g)
(F“%, mp=l?5), chosen because they are field independent to first order
except for the small nuclear term, so that
(16)
For Li^ (1*3/2, F»2,l) the transitions measured were the (F*2, njp«^ 2)
(F«l, mp*^l), chosen because they gave the largest amplitude signals, so 
that
A ^ ( z , t 2 ~  i , ± i ) »  4V# t s  * 3 *5»
J  4 V # (17)
9The Breit-Rabi energy level diagrams for Li® and Li? are shewn in figures 
1 and 2 respectively. Note the scale for the magnetic field is in gauss 
but the experiment was carried out in fields of 4-20mG.
The hfs of Li is not due entirely to the valence 2s electron. 
Recent Hartree-Fock Moment-Perturbation calculations by Tterlikkis, et 
al.28 conclude that core-polarization contributes about 23%, in good 
agreement with a Brueckner-Goldstone calculation by Chang, et al.2  ^who 
claim, in addition, about a 5% contribution from correlation effects, 
while relativistic effects account for only about .25% of the hyp®.-‘fine 
structure.
Core polarization effects are associated with the interaction 
between the Is core electrons and the valence electron. The core electron 
with spin parallel to the valence electron experiences a stronger exchange 
force than the antiparallel core electron. This leads to different radial 
densities for the spin "up" and "down" core electrons, resulting in a net 
spin density at the nucleus.
Correlation effects are due to the correlation in position of one 
electron with the positions of all the other electrons.3  ^ Correlation 
is used to refer to configuration interaction also. For lithium one would 
include in the interaction those configurations where not only L«0 but 
also L«l,2,3 etc. irtiere only the total symmetry need be S. There are 
an infinite number of such configurations, but for computational purposes 
only a finite number can be acconmodated, e.g. the lowest order configura­
tions 1S22S, 1S2S2, and 1S2S3S.
To summarize, the hfB for the lithium atom is a result of the 
Fermi interaction and arises from three main sources: the intrlnilc
contribution of the 2s orbital, spin polarization, and intershell correla­
tion.
FIGURE 1




















BREIT-RABI Et'ERGY LEVEL DIAGRAM FOR Li?

2. Hyperfine Anomaly
The Fermi formula for the hyperfine interaction energy is based 
on the assumption that the nucleus is a point magnetic dipole of moment 
/A =gj^ (4jjl. In truth, the nucleus has some finite spatial extent and 
some distribution of nuclear charge and magnetism. For a point nucleus 
one expects g^ to be proportional to the hyperfine constant A, so that 
for two isotopes X and Y the quantity
Ax/MSy/gx5"1
31is a measure of the effects of the finite size of the nucleus. This is 
known as the differential hfs anomaly since it is a measure of the dif­
ference between the distributions of the nuclear spins and currents which 
give rise to the nuclear moments in the two isotopes.
The first explanation of this anomaly as due to the spatial distri 
bution of nuclear magnetism was given in 1950 by Bohr and Weisskopf
whose treatment was relativistic. A less rigorous classical derivation
33is given by Sorensen. The spin and orbital contributions to the 
magnetic energy are treated separately. For a spherical nucleus, while 
a nuclear spin moment samples the electron's moment just at its own radius 
an orbiting proton "sees" an average of the electron moment density over 
a volume inside its orbit. It is shown that a larger hyperfine anomaly 
is expected for spin magnetism than for orbital magnetism in the nucleus, 
since the former samples the field at larger distances from the origin 
than the latter, on the average, and thus deviates more from pointlike 
character.
The specific case of the anomaly between Li® and Li7 is discussed
3Zi 3 R
by McColm. The hfs anomaly in this case is defined
where M is the reduced mass of the isotope in question.
Breit and Meyerott introduced the reduced mass term as a 
correction to reconcile the discrepency between theory and experiment in
/ « r 3the hydrogen-deuterium hfs anomaly. The factor J J represents 
the reciprocal of the cube of the ratio of the spatial extension of the 
wave function for finite and infinite masses. M is the nuclear mass and 
m is the electron mass.
3. Pressure Shifts
The perturbing influence of inert buffer gas atoms on the hyper­
fine splitting of H,D,T,1"3 the alkalis Na,^»5K,9 Rb,6 and Cs,7*8 and N37 
and has been measured previously. This perturbation causes a shift in 
the hfs linear in buffer gas density and hence pressure, if the temperature 
is constant. For the hydrogen-like atoms, this shift is positive for the 
light gases (He,Ne) and negative for the heavier gases (Ar,Kr,X6) which 
is attributed to the competition between long range (LR) and short range 
CSR) effects.39
The long range intermolecular interaction is due to the van der 
Waals force. The VDW interaction Hamiltonian for two atoms a and b of 
electron charge and Z^ is given by^8
? / ' . - y  >  + Z  , • ,n  g  £-,*a,
The first term is the interaction between the two nuclei, the second is
that between electrons of a and nucleus b, the third is between electrons
of b and nucleus a, and the fourth term represents the Interaction of the 
electrons of atom a with those of atom b. When this Hamiltonian Is ex­
panded In terms of spherical harmonics, one recognizes the various terms 
as dipole-dipole, dipole-quadrupole, quadrupole-quadrupole, dipole- 
octupole, etc. This interaction results in a mutual polarization of 
the atoms which distorts the orbitals. In rather loose terminology, the 
electron wavefunction is pulled away from the nucleus, reducing the spin 
density at the nucleus and producing a negative shift.
At short range there are two distortion effects,14'*' an actual 
deformation of the atomic orbitals due to the additional potential from 
the neighboring atom, and a second distortion due to the overlap between 
the two atoms, referred to as the Pauli distortion effect. This short 
range collision has the effect of "pushing" the electron wavefunction 
into the nucleus, increasing the spin density and creating a positive shift 
in frequency. When the atoms overlap, this distortion effect can be 
described by orthogonalizing the orbitals through the Schmidt procedure.^ 
The new wavefunctions are then used to calculate the hyperfine inter­
action energy.
Since there are no HPS calculations for Li to date, one can only 
draw analogies to existing calculations. Two systems have been studied 
rather extensively, namely the H-He14**14^  and the N-He140*1414 systems. The 
hfs in both cases is a result of the Fermi interaction but for hydrogen 
there naturally is no core polarization whereas the net spin density in 
nitrogen is due entirely to core polarization. As mentioned previously, 
both effects contribute to the hyperfine constant of lithium.
Margenau^ and Robinson^ have made theoretical calculations on 
the hyperfine pressure shifts (HPS) of alkalis caused by foreign gases.
These calculations are not ab initio but require the use of various 
models with variable parameters which are adjusted to fit the experimental
data. When these parameters are so adjusted, one obtains the distance of
closest approach (comparable to the gas kinetic radii) and numerical
values for the various terms in the intermolecular potential used.
U3 *Clarke has calculated a value for the fractional hps (JJJj O
for H-He of 1.73xlO“®/Torr, in fair agreement with the experimental value 
of 4.80x10~9/Torr? The VDW interaction was neglected (it would make the
theoretical value even less) and only the overlap was considered. Accord­
ing to Clarke the poor agreement is indicative of the inadequacy of the
wavefunction. A brief description is given here to indicate the general 
technique used to calculate hps. The approach is to define a wave function 
for the total system
ys f  . %) CD
th *h * * Ht *
where R denotes the intemuclear coordinate, and a Hamiltonian for the
r i H .  r ij
such that Ho E(R)V » - K c 1 '1** ‘
E(R), when taken relative to the energies of the infinitely separated 
atoms, is the intermolecular potential energy V(R) for a given set of 
intermolecular coordinates. Once an  ^V(R) are deter­
mined, the Fermi Contract term is introduced as a perturbation so




Letting R * gives the hfs of the free H atom, i.e. JJ ^
Defining and as the fractional variation
of the hydrogen hfs, the ensemble average fractional frequency shift is 
given by -
✓  fLv  > a  e  f * r 4*
' vt **} ✓.
(5)
/O a  a
is the number density of He atoms, ( ~  ). The pressure
shift is obtained by differentiating with respect to P:
/ «. * r  («,
V*
The most recent H-He HPS calculation*** considers not only short 
range but also long range (VIW) effects and gives a theoretical result of
1.9xlO~9/Torr compared to an experimental value of 4.8xlO“9/Torr. The 
short range interaction is treated independent of the long range effect. 
The integration over the SR interaction extends from R«0 to some cut-off 
intermolecular distance Rc in the statistical averaging procedure of the
fractional HPS (PHPS): - V'c**
F H P s  * gr f  «  * T
The LR effect is then integrated from Rc to CO . For values of 
R from 4.0 to 9.0 (a.u.), FHPStotal (*FHPSsr+ FHPSlr) varies from -1.2479
Q 111
to 2.4837x10 /Torr. Ray, et.al. chose Rc=6 to get a value for the
_Q
fractional HPS of 1.9x10 /Torr. In this intermediate range, however, the 
SR and LR effects are comparable and it is necessary to incorporate both 
effects simultaneously, a calculations! feat not yet achieved.
40 44Similar calculations have been carried out on the N-He system ’ 
with a result of .53Hz/Torr compared to the experimental value of 
,27Hz/Torr.^
4. Optical Pumping With Spin-Exchange
Optical pumping is one of an extensive group of techniques used
lii 2fi U7in radio frequency magnetic resonance spectroscopy. * ’ It is well
known that a magnetic momentwill precess about an applied field £  with 
the frequency 6t) ■- Quantum mechanically this is expressed by the
operator equation
</fi> x X B  * < / * > * &
The interaction Hamiltonian is given by H * The principle under­
lying magnetic resonance is that a sample of material which is polarized 
in a magnetic field, i.e. the magnetic quantum states have unequal 
population distributions which results in a net magnetization of the sampl' 
will exhibit some detectable change in pblarization when a rotating mag­
netic field**® is applied perpendicular to the static field at the resonant 
frequency ifJ inducing fa4^-1 transitions.
In practice one uses a linearly oscillating field which can be 
considered as the superposition of two fields of equal amplitude rotating 
in opposite directions with angular velocities ± a). The counter 
rotating field is off resonance by 2 6 ) and is usually negligible. If the 
amplitude of the counter rotating field approaches that of the applied
static field then there will be a shift in the resonant frequency by a
__ 9
relative amount (H^/2Hq) where is the amplitude of the rotating field
50and H0 the static field. This is known as the "Bloch-Siegert" shift.
The following will be a phenomenological description of the
optical pumping p r o c e s s . Rb®^  will be used as an illustrative
85 87example because it was used in the experiment along with Rb. . Rb
has a nuclear spin 1=3/2 so that in the 2g^ ground state there are F=2
and F=1 hyperfine levels. The first excited state is the fine structure
doublet. Hie hyperfine levels of the ftg excited state are the same as
the ground state. If a cell containing rubidium vapor is illuminated
with resonant Dj light at 79h8A (^ Rjg-^ Sjg), the radiation will be readily
absorbed, leaving an atom in the excited state. 3^ If the light is
circularly polarized, left-handed for example, then absorption of a
photon must lead to a net gain of one unit of angular momentum, if the
light is incident along the external magnetic field vector. When this
state reradiates to the ground state, the dipole radiation selection
rules permit ^  mp=o,-1 so that the atom has some probability to return
to the ground state with a greater value of mF, i.e. a larger component of
spin along the reference axis than it had originally. The lifetime of the
7 8excited state is typically on the order of 10“ -10” seconds. The atoms 
may absorb and reradiate again and again so that in a few milliseconds all 
atoms would be "pumped" into the F=2, mp=2 ground state level. When an 
atom reaches this level, it can no longer absorb radiation since there 
is no available m»3 level and thus the vapor becomes transparent as pump­
ing proceeds.
Due to collisions between atoms with other atoms and the walls 
there is mixing of different mp levels so that the situation is never 
ideal. To reduce depolarization due to wall collisions, buffer gases 
such as the inert noble gases are added, which increase the time required
for a polarized atom to diffuse to the walls.^ Franzen and EmsHe^ 
suggested filtering out the I>2 radiation to eliminate the "escape route" 
from the mp«2 ground state to the m^3 level of the excited P3/2 state.
Detection of the resonance signal may be accomplished quite 
easily by the transmission monitoring technique of Dehmelt,56 since the 
light beam responsible for the pumping will also reflect any changes in 
the sample polarization such as produced by an rf field at resonance.
For, as noted above, the vapor will become to a certain extent transparent 
to the incident radiation when a time has elapsed sufficient to allow 
for a nonequilibirum population to be built up in the higher mp substates, 
typically a few tens of milliseconds.* If anything is now done to disturb 
this new population distribution, such as an rf field applied to the 
sample at the Zeeman or hyperfine frequency, the absorption of the vapor 
will again increase. Modulating the rf at some lower frequency, 16 Hz. 
e.g., will cause a 16 Hz modulation of the transmitted light, which is 
detected by a phototube and amplified for display on an oscilloscope and 
lock-in detector.
A very thorough treatment of the optical pumping process via the
density matrix formulation has been given by Barrat and Cohen-Tannoudji^
where the radiation is also treated quantum mechanically. An analysis
of the pumping process has been made by Hawkinsusing unfiltered light
and by Franzen and Eraslie®® using filtered light. Both used Na for their
example but since sodium also has a nuclear spin 1=3/2 it is equally 
87applicable to Rb. . The treatment by Franzen and Emslie will be briefly 
outlined here to illustrate the pumping mechanism.
For Na and Rb®'7 there are eight ground state hyperfine sublevels 
(F,Mp):(l,-l), (1,0), (1,+1); (2,-2), (2,-1), (2,0), (2,+l), (2,+2).
These will be labeled with the subscripts 1 through 8 in the order stated.
20
Let bjj be the probability per unit time that an atom in the substate 
i of the ground state has undergone a transition to a substate 5 the 
ground state by absorption and re-emission of a photon. Let wj^ be the 
probability per unit time for the corresponding transition induced by 
relaxation. The occupation probability jp^ (t) of the kth state can be 
obtained by a solution of the eight simultaneous differential equations
Only seven of these equations are independent in view of the relation 
^  • The primes indicate that the terms j»k and i=k are to be
omitted in the summations. When the relative absorption probabilities 
are calculated for the substates 1 through 8 it is found that they are 
in the ratios l/2:l:3/2:2:3/2:l:l/2:0.
where T is the spin-lattice relaxation time. This puts the rate equation 
in the form
where the coefficients B^k are related to the transition probabilities




Two extreme cases were investigated by Franzen and Emslie, that
of no reorientation and that of complete reorientation in the excited
state. The values for the coefficients are tabulated for both cases
and then the predicted rate of change of the occupation probabilities
(Pk) of the eight magnetic sublevels are plotted as a function of time.
The population of state 8 (F=2,mp=2) rises rapidly and then levels off in
both cases while the other levels go to zero. For complete reorientation
in the excited state the pumping rate is not as fast and the relative
occupation probability is only .9 compared to 0.95 for no reorientation.
The important feature is that because the absorption probability of the
state labeled 8 is zero eventually most atoms get pumped into this state.
As another illustrative example, consider a two level system which is in a
« •
steady state, i.e. Pj=P2-0. Then the ratio of the populations becomes
l+2Tb21 
nl/n2= 1+2Tbl2
If b 2^**h2i there is no population difference. If b2j=0, then
W l+2TbJ2
and if we replace bx2 by 1/^ , where ^  is the "optical pumping time' 
we get for the ratio in the steady-state situation
nl/n2=-
l+2T/<£
This implies that one wants long relaxation times and short pumping times 
for the maximum polarization.
The phenomenon of spin-exchange makes possible the polarization of 
spin angular momentum of a second species, not directly amenable to optical
22
pumping, through a coupling interaction with the optically pumped species. 
In this particular case lithium atoms were polarized via spin-exchange 
collisions with optically pumped Rb vapor. When an rf magnetic field is 
applied at resonance so as to depolarize the lithium atoms, the Rb atoms 
are depolarized via spin-exchange collisions which is detected as a change 
in the transmitted light intensity.
neglect the effects of nuclear spin. The following discussion is based on
colliding with an unpolarized spin target. The following is only a 
qualitative arguement for the spin-exchange process. The density matrix 
for a spin particle can be written
For the case of two colliding alkali atoms, e.g. Rb and Li, the
simplest approach is to consider two spin \ electronic systems and
\
59an analysis by Mott and Massey for a beam of polarized spin ?g particles
(1)
where the polarization P is defined
p =  <  «  "7V Pe (2)
The density matrix for two spin systems is the product:
(3)
Assume the Rb atoms are polarized 0) but that the Li atoms are
unpolarized (P^* 0) so that
23.
Two spin systems can be described by the total spin states S»1 
and S»0 denoted as the triplet and singlet states respectively. The 
triplet state has a repulsive potential (does not form a bound state) and 
the singlet state potential is attractive.Using the fact that the 
total length of the spin vector is conserved
J * «  S ( S + i ) *  +2 S,-Sx
we can define projection operators for the singlet and triplet states:
?> • j  ( t - %  st )
j (3 (6>
The spin scattering matrix S can be written
where ffi and ft are the singlet and triplet scattering amplitudes. The
61usual notation for what Mott and Massey call the S matrix is the T matrix.
If the initial density matrix is given by
* 2 7  I I (8)
• r»
and we use the fact that after scattering y we get for
the final density matrix after scattering
S%Sf/Trfi S*s (9)
where the denominator insures Tr/^ =1. The denominator is the total 
differential scattering amplitude
t e ' T r S Z S *  „ 0)
4 XL
By definition, the polarization of the lithium after collision is given
V t  - T r ^ /f  - Tr (  ^ .  s ^  /< /« ■ /< /-n- (11)
This trace is evaluated in Appendix III and it is shown that
(12)P # « CP Li Rb
C is a function of the scattering amplitudes f and f .fl L
In other words, the collisions between polarized Rb atoms and unpolarized 
Li atoms result in a net polarization of the lithium proportional to the 
initial Rb polarization. From (7) the spin-flip cross-section is
which is non-zero by virtue of the fact that the scattering potentials 
differ, being attractive in the singlet case and repulsive in the triplet 
case.
The spin-exchange technique was introduced by Dehmelt®^ to
polarize free electrons through exchange collisions with optically
1—3 37 38pumped sodium. Subsequently, H,D,T ” N, and P have been polarized 
via spin-exchange with optically pumped alkalis.
A complete quantum mechanical analysis of optical pumping with 
spin-exchange must consider the relaxation effects of wall and buffer 
gas collisions, the interaction of the optical radiation field with 
the pumping atoms, the interaction of the radio-frequency field with 
the spin-exchanged atoms, excited state disorientation, nuclear spin 
effects and spin-exchange between similar and dissimilar atoms.
In the experiment it is the transmitted rubidium light that is 
monitored so what one ultimately wants to understand is the relationship
between the polarized lithium atoms under the influence of an rf 
magnetic field and the observed change in the rubidium light intensity.
A realistic analysis would necessarily include nuclear spin 
63effects. Gibbs has made such an analysis and, needless to say, the 
expressions are extremely complicated. Therefore, for a qualitative 
analysis one can resort to neglecting the effects of nuclear spin and 
consider only electron spin. This reduces the problem, for the case of 
Li and Rb in the S^j^  state, to one of two spin 3g systems.
Balling, Hanson, and Pipkin6*' have made such an analysis for the 
electron-Rb spin-exchange case using the density matrix formalism. They 
derive the following expression for the change in transmitted Rb light 
intensity produced by an rf field applied at the electron Zeeman frequency. 
The same expression should be valid for the Li-Rb case, neglecting nuclear 
spin effects. Ihe is a spin-exchange frequency shift observable in
64-66
the electron case but not xn this experiment.
/ T“ ' 1/ r, t._ _ _ _ _  '
' ^  *Tu J \  >  *  < * > 'r, rt * ( r  j
Several qualitative observations can be made from this expression. The 
signal produced by a change in transmitted light intensity when a
modulated rf field is applied at or near the lithium resonant frequency 
is Lorentzian shaped and peaked at the lithium resonant frequency. The 
fullwidth at half maximum is given by
which includes all possible broadening mechanisms; represents rf 
broadening, 1/^j relaxation due to the pumping light, 1/T1R relaxation 
such as due to the buffer gas and wall collisions which destroys the 
polarization of the Rb, 1/T^ relaxation of the Li polarization, l/I^L 
relaxation due to field inhomogeneities which destroys the coherence of 
the Li system, l/E^ relaxation due to Li-Li spin-exchange collisions,
and 1/T__ relaxation due to Li-Rb spin-exchange collisions.LK
Although relaxation mechanisms play a key role in the theoretical 
analysis of spin-exchange optical pumping signals, no attempt was made in 
this experiment to analyse relaxation effects beyond determining what 
caused the observed linewidths. The major contributions were due to mag­
netic field inhomogeneities, rf power broadening and spin exchange 
broadening. Figure 3 is a recorder tracing of a typical Li® signal.
FIGURE 3
RECORDER TRACING OF Li6 HP SIGNAL
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Two different optical pumping setups were used during the course 
of this experiment, the only major differences being in the production of 
the magnetic field and the method of heating the sample oven. The experi­
ment was originally tried and proven feasible in what will subsequently 
be called the Helmholtz coil setup, and the data was eventually taken with
the shielded solenoid setup. Since all data was taken with the latter,
the following will be a detailed description of the solenoid setup with 
brief mention given to the Helmholtz apparatus where significant differ­
ences occur. A schematic diagram of the apparatus is shown in fig. 4.
2. Light Source and Accessories
A rubidium light source was designed and built for use in the
Helmholtz coil setup. A 25cc round Pyrex flask filled with 2%-3 Torr
of argon and a drop of rubidium is excited with a radiofrequency electro- 
67 ,68deless discharge. Excitation is furnished by a 27HMz crystal
controlled 30-100 watt transmitter, shown schematically in fig. 5. The 
final tank circuit consists of a large variable capacitor and a six turn 
tank coil made of 1/8 inch copper tubing l-»3/ft inches in diameter and 
6 inches long into which the 25cc lamp fits snugly. The lamp used in the 
solenoid setup was basically the same except it was crystal controlled at 
lOMlz and built at the National Bureau of Standards (Boulder, Colo.). A
FIGURE 4 
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technique for stabilizing the light and reducing noise was developed 
by R. Weiss®9 whereby the rubidium in the 25cc flask was contained in 
a side arm (3cm long, 6mm o.d.) which fit into another tube which could be 
either heated or cooled, as illustrated in fig. 6. By controlling the 
temperature of this reservoir, the proper Rb density in the lamp could be 
maintained for optimum light output with minimum noise. Optimuoa conditions 
for the lOMIz lamp required the rf power stage to operate at 750Volts and 
lOOma while heating the Rb reservoir. The bulbs turned brown due to the 
reaction between the Rb and Pyrex glass but this had little noticeable 
effect on the intensity of the resonance radiation.
The lamp bulb was placed close to the focal point of a 4 inch 
diameter convex lens so that nearly parallel light was incident upon the 
sample. After the lens, the now parallel light was filtered to eliminate 
the I>2 line at 7800A and pass the Dj line at 7948A. The resonance 
radiation was then plane polarized first and then circularly polarized by 
passing the plane polarized light through a \ wave plate. The Polaroid 
was set into a circular frame which could be rotated 90° with respect to 
the % wave plate to allow for both right handed and left handed circularly 
polarized light. After passing through the sample, the parallel light was 
focused onto the phototube using another 4 inch convex lens.
3. Photodetector and Preamp
The transmitted light was detected with an RCA 6953 gas photodiode. 
The detector circuit is shown in fig. 7. Hie DC photocurrent was monitored 
on an RCA - WV84B microammeter. The AC output was amplified by a Tektronix 
122 preamplifier before display on a Tektronix 50U oscilloscope and PAR 
phase sensitive detector. The phototube and circuitry were shielded in
copper and brass to minimize noise pickup.
4. Phase Sensitive Detector
A Princeton Applied Research (PAR) Lock-in Amplifier Model HR-8 
produced the 16Hz signal which was used to switch the James Coaxial 
Relay Model C-175S which modulated the rf magnetic field. As previously 
described, this produced a 16Hz modulation of the transmitted light when 
the rf was at the hyperfine resonance frequency of the lithium atoms. By 
adjusting the PAR so that the phase of the 16Hz signal from the phototube 
matched that of the 16Hz reference used to modulate the rf, the 16Hz 
resonance signal could be detected while rejecting spurious wise, 
greatly increasing the signal to noise ratio. The PAR converts this 16Hz 
signal to a DC voltage proportional to the signal amplitude and displays 
it on a millivolt meter. As the rf is swept through resonance the signal
amplitude goes through a maximum at the resonance peak.
5. Magnetic Field
a. Helmholtz Coils
In the original apparatus the static magnetic field was produced
by three mutually otthogonal sets of square Helmholtz coils. Even if the
coils were ideal, the field would not be uniform over a finite volume of
space due to the unavoidable presence of iron in and around the building
which "warps" the magnetic field lines. A theory and method for elimina-
70ting these gradients is fully described in a paper by Lambert and Wright 
and so is only mentioned here. It is shown in ref. 70 that for two dipoles 
(bar magnets), one at R with magnetization M and one at -R with magnetiza­
tion -M, the net field produced at the origin is zero, but the gradients 
are uniform to order (r/R)2 and are functions of M and R only. Thus for 
fixed M, any existing uniform gradient can be cancelled by a suitable 
choice of R. Before shimming, the total variation over a 10cm region 
about the origin was 0.14 to 2.16mG. After shimming with bar magnets 
the total variation was 0.01 to 0.08mG measured with a Model RAM-3 
magnetic aspect sensor. In order to check these results we measured the 
linewidth of Rb88 and Rb87 Zeeman transitions (467Hz/doG and 700Hz/aC resp) 
in a 300cc flask containing 4cm Hg of helium as a buffer gas. The line- 
widths were 33 and 37Hz respectively. In the earth’s field the Zeeman 
frequencies for Rb85 and Rb87 are about 66KHz and lOOKHz respectively.
The hfs frequencies are 3,035MHz and 6,834MHz so that the Zeeman transi­
tions are actually split due to second order effects by l^Lz and 3Hz 
respectively. This means the actual linewidths are 25Hz and 28Hz, in­
dicating a maximum total variation of less than 0.06mB.
A pickup coil and feedback circuit built by R. Weiss was used to 
suppress the 60Hz field along the light axis.89
b. Shielded Solenoid
The precision solenoid was constructed at the NBS in Boulder,
Colo., following a design similar to the system described by Hanson and 
Pipkin.7* The various correction coils were not used in this experiment. 
The current for the solenoid was produced by a lJg volt #6 Ignition Dry 
Cell. The solenoid field constant was 20gauss/amperef but since fields of 
only 4-20nG were used the current requirement was only 0.2-l.Oma. Ihese 
dry cells are rated for continuous duty at 60ma for 600 hours.72 Copper
tubing was wound around the outside and lengthwise on the inside so the 
solenoid could be water cooled. Uiis was necessary because there was 
an oven inside the solenoid.
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Two concentric magnetic shields surrounded the solenoid, 
separated by wood and styrofoam spacers. Because the shields become 
magnetized, it is necessary to demagnetize them by applying a large 60Hz 
field to the shields. Around the inner shield were wound several turns 
of #18 insulated copper wire while 18 turns of #12 copper magnet wire 
were bundled together to form a single large toroidal loop wound to 
enclose both shields longitudinally. About 30 amperes of 60Hz AC current 
was passed through these coils, first the inner and then the outer, in 
order to demagnetize the shields. The current was turned up suddenly 
and then decreased slowly to zero using a 20 ampere Variac. The shields 
were furnished with removable end capB with 3 inch diameter holes cut in 
the center. Due to the necessity to have a heating tube, air cooling tube, 
water cooling tubes, magnetic field, demagnetizing coils and rf coil 
leads inBide the shields, the holes in the outer shield end caps were 
enlarged to Wg inches. It was found that the inner shield end caps made 
little, if any, improvement in the Rb signal linewidth and so were not 
used.
6. Sample Oven and Temperature Equipment
In order to have sufficient lithium density for spin-exchange 
signals, it was necessary to heat the sample to about 400°C. This 
required that an oven be built inside the solenoid and that additional 
water cooling be added, as described previously. A 10 inch diameter 
aluminum cylinder 18 inches long, which fit snugly inside the solenoid,
was used as a housing for the oven. Firebricks^ (2" x 4 V  x 9") were 
cut on a band saw to fit the shape of the cylinder allowing a 6"L x 
W  x 4"H volume Inside to accommodate the sample. Asbestos cement was 
used to glue it all together. The rf helmholtz coil and 4" Pyrex windows 
were also cemented into place. An air cooling tube was imbedded in the 
oven floor to cool the rubidium reservoir, for reasons to be explained. 
Thermocouples were brought into the oven via ceramic feed-throughs, one 
at each end of the oven. Finally, there were hot air input and exhaust 
ports cut into the oven bricks at each end. Entrance to the oven was 
gained by sliding the window, mounted in firebricks, in and out of place 
and then "caulking" the cracks with Fiberfrax,75 a high temperature cotton­
like fiber.
Electrical heater wires would create non-uniform magnetic fields 
and turning them off during the measurement procedure would require de­
magnetizing the shields each time, so electrical heating of the oven was 
impractical. Gas heating was considered too dangerous in such a confined 
and ill-vented volume. Hot air heating eliminated these problems. This 
had the advantage of being safe and allowed continuous heating during the 
measurement procedure so that the temperature could be held stable to 
within 1°C, but not without gradients of 10-20°C. About 2 hours were 
required for the oven to reach a stable 390°C and frequently the hot air 
blowing into the oven would cause the sample to "jiggle" and make the 
signal noisy.
Hie heater was easy to make; heater wire was wound into a helical 
coil 1 meter long and 1cm in diameter and placed inside a Pyrex tube about 
1 meter long, Insulated with Fiberfrax to keep the wire from touching the 
glass. Compressed air was regulated and passed into one end of the heater 
tube while the heated air came out the other end and into the oven through
insulated Pyrex tubing. The temperature could be controlled by regula­
ting the air flow and controlling the heater wire current using a 
20 ampere Variac.
The temperature was measured with two Copper-Constantan thermo­
couples cemented to the sample. An ice water bath was used for the 0°C 
reference junction. The emf was measured with a Leeds & Northrop 
potentiometer and a L & N galvanometer. 'Die potentiometer was calibrated 
with an Eppley Laboratory standard cell #740117. The thermocouples agreed 
to within 1° with ice water at 0°C and boiling water at 100°C. The oven 
in the Helmholtz setup was heated electrically.
7■ Radio-Frequency Fields
Originally, the only equipment available for generating stable 
radio-frequency fields was the Gertsch FM-6 Frequency Meter. The FM-6, 
when working, produces very low power signals at fundamental frequencies 
from 20-40t4lz which are very rich in harmonics. Li** was the first isotope 
investigated. Its hyperfine frequency occurs at 228Mlz. The circuit 
shown in fig. 8 was designed to take the 6th harmonic of 38MIz from the 
Gertsch FM-6 and amplify it by 45db to deliver about 50mw output power 
into SO ohms as measured on a HP Model 430 Power Meter. A quarter wave­
length at 228Mlz in RG58A/U cable is 8.6", so the cable length from 
amplifier to oven rf coil is extremely critical in matching the impedance 
for maximum power transfer. Prior to the final measurements a General 
Radio 1164-A Coherent Decade Frequency Synthesizer was substituted for 
the FM-6. Since the GR is harmonic free and has fundamental frequencies 
to 70MIz, a ln21B diode was placed in series between the GR and amplifier 
to generate the 4th harmonic of 57MHz.
To produce 803MHz for Li7, the 12th harmonic of 67Mlz was genera­
ted using the diode in series with the GR and used to lock a Gertsch 
FM-4A Oscillator. The 803 MIz output from the FM-4A was then amplified 
by a C-Cor Model Z112 amplifier.
Both the 228 and 803Mlz signals were modulated at 16Hz by a 
James Coaxial Relay Model #C-1755 before going into the oven coil, which 
was a one turn loop about the middle of the sample.
The frequency was measured with a HP 5245L Electronic Counter with 
plug-in units 5253B (50-500MIz) and 525hA (300-3000MHz). The counter was 
continuously compared with the 60KHz standard frequency broadcast by WWVB 
(NBS, Boulder, Colo.) using a Hewlett Packard 117A Comparator. The time 
base of the counter was in agreement with WWVB to better than a part in 
10® for all measurements. The time base was Atomic Time in which the 
C8^33 hyperfine splitting is 9192631770 Hz.
FIGURE 8
CIRCUIT DIAGRAM FOR 228MHz AMPLIFIER







Tom. toct Gun ■ <6 m  50 m  aum/T 
^ - C , - / W 0 « 1 <2.7 - 3Dif>
< 1 -4  -  % -  MOO MS <L5 -  2D *>
% -  Bne 535 - CCD (.7 -  3 pf)
C^, -  /HD M2 6  -  GO rr)
%-<7«/WCD *»«-»*)
Cjq - Cjj - WCOIW6 05 - U »
L1" 4  " >4 " ^  * 3 Tune US Com IT DM. x r  UK 
I5 ■ Turn US ¥  DI& x ¥  UI6
-^^ TuwflSron.
L7 “ Lg — Lg — % Turn of 3HT wide copper simf ¥  DH.
CHAPTER IV
SAMPLE PREPARATION
Because molten lithium is highly reactive with Pyrex and quartz, 
the usual technique of distilling the alkali metal into a sample cell 
could not be used. In order to handle the lithium under an inert 
atmosphere (it being highly reactive) it was necessary to construct a 
"glove box". This consisted of a plywood box 24,rL x 18"W x 16"H with a 
glass top, two holes with mounted rubber gloves, and inlet and exhaust 
gas valves. In order to flush the box with argon, a large plastic 
laundry bag was attached to the inlet gas spigot' inside the box and a 
small vacuum fore pump was attached to the other valve. The bag was 
blown up like a balloon with argon until it completely filled the box, 
and then was broken. Argon was then continuously flushed through the 
box, being exhausted through the vacuum pump while a slight positive 
pressure was maintained inside.
The sample, which was to contain the lithium, rubidium, and inert 
buffer gas, was made from a 300cc round Pyrex flask onto which was blown 
a sidearm of 6nm od tubing 3cm long, forming the Rb reservoir, and 90° 
from this was another sidearm of 12mm tubing about 12cm long into which 
the Li would be placed. The center of this Li side arm was blown out to 
form a slightly larger volume so that the Lithium, which was on a tungsten
rod, as explained in the next paragraph, would not touch the glass.
The sample was then attached to the vacuum system as shown in
fig. 9. The sample and vacuum system were flushed with argon. A sliver
of the soft lithium metal76 was attached to a clean tungsten rod
(0.040" in diameter) under an argon atmosphete in the glove box. This 
rod was then transferred to the sidearm on the sanple (fig. 9), being 
stored in an argon filled test tube during the interim of the transfer 
between glove box and sample, the sidearm sealed and the system evacuated. 
An oven was then built of firebricks around the sample and sidearm so they 
could be baked at 400°C under vacuum for about 3 hours. In this way the 
lithium was outgassed under vacuum, but only the glass In the sidearm 
reacted with the lithium vapor.
Prior to making the lithium transfer and flushing the vacuum 
system with argon, an ampoule of rubidium (about .3gm) was put into a 
glass tube which was then blown onto the vacuum system as illustrated in 
fig. 9a. After the sanple bakeout, the vacuum was typically 1 x 10-6 
Torr or less. The rubidium was then distilled from its ampoule into the 
sidearm reservoir in the sample. The empty rubidium ampoule was removed 
from the system by means of a glass seal-off.
The following description can be best understood by referring to 
fig. 9b. In order to get the lithium into the sample the 12mm tubing 
connecting the vacuum system and sanple was gently heated to the soften­
ing point with a bunsen burner so that the sample could be rotated
upwards until the rod with the lithium on it fell into the sample. Hie
sidearm was then sealed off from the sample.
With the Li and Rb now in the sanple, the remaining step is to fill
the sample with a known amount of gas and then to remove the sample from
the vacuum system. During the gas filling procedure, the temperature of 
the sample was constantly monitored and periodically recorded. The 
dample and gas handling apparatus were sealed off from the vacuum pumps 
by means of a valve. Research grade gas (Linde Div., Union Carbide) of
99.9999% purity was then admitted to the system via a Granville Phillips 
variable leak and the pressure measured with an oil manometer. Dow 
Corning 705 silicon fluid was used because it has a low vapor pressure 
and, being less dense, is a factor of 12.43 more sensitive than Hg. The 
pressure was recorded before and after removing the sample. This was 
necessary in order to make a correction for the change in pressure in the 
sample produced by heating the flask when it was removed from the vacuum 
system. To make this correction, the volumes of the sample and system 
also had to be known and were measured prior to making the sample. Figs. 


















1. High Temperature Technique
As explained in the introduction, lithium had not been optically 
pumped in the ground state before. The reason spin-exchange optical 
pumping has not been feasible in the past is because of the difference in 
vapor pressures between lithium and the other alkalis which can be 
pumped. Due to the exponential temperature dependence of the alkali 
vapor pressure, at hOO°C lithium has a vapor pressure of 10"^ Torr but 
rubidium has a vapor pressure of 10 Torr. At this pressure all of the 
incident rubidium light would be absorbed by the sample and none would 
be transmitted to monitor. The technique to be described allows one to 
control the Rb density independently of the temperature of the flask.
The method has already been described in Physical Review Letters by 
Balling, Lambert, Wright, and Weiss.
In the sample preparation, the rubidium was put into a special 
sidearm reservoir attached to the bottom of the sample. As described 
in the oven construction, there was a cooling tube imbedded in the oven 
floor. Figure 10 shows this tube in detail, and its relation to the sample 
The cooling tube has a Pyrex sleeve just large enough for the sample Rb 
sidearm to sit into, allowing the Rb reservoir to be cooled with air while 
the sample Itself is in the oven. Since the rubidium density is dependent 
upon the temperature of this reservoir, controlling the temperature of the 
sidearm by the flow of cooling air allowed one to have the sample at
FIGURE 10
SAMPLE WITH Rb RESERVOIR COOLING TUBE
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400°C with any desirable Rb density. Better control of the density was 
achieved with time as the rubidium was driven out of the sample walls and 
further down into the reservoir. Usually only a very slight flow of air, 
barely noticeable, was necessary to maintain the optimum Rb density. 
Excessive air flow would cause the sample to "jiggle" around and make the 
signal noisy. With the sample at the desired temperature, the signal 
was optimized by adjusting the air flow; too much air and the Rb density 
would be too low, not enough air and the Rb density would be too high, 
the optimum lying in between. Without the development of this high 
temperature technique this experiment would not have been possible,
2. Development of Experiment
Natural lithium has an isotopic abundance of 93% Li^ and only 7% 
Li®, Li^ has a nuclear spin 1=3/2 the same as Rb®^ so that the first 
order Zeeman splitting is the same for the two. Li® has an 1=1 but 
because it is only 7% abundant, observation of Li® was deemed only a 
marginal possibility. For these reasons, the first samples were made 
with Cs as the "optically pumped" alkali; since the nuclear spin for Cs 
is 1=7/2 it would not be confused with any other elements. The problem 
of overlapping Zeeman signals can be eliminated by applying a large 
magnetic field to split the transitions apart, but this also reduces 
the signal amplitude by a factor roughly equal to the number of transi­
tions. The necessary hyperfine frequency equipment was not yet built. 
These initial experiments were carried out in the Helmholtz coil setup.
For the first sample, the lithium was in a tantalum cup inside 
the flask. An unusually large signal was observed at the Li? transition 
frequency, permitting us to split the transitions apart in a large
(0.5-1.0 gauss) magnetic field. When this was done It was discovered 
that the signals were due to sodium. A search for LI® revealed a very 
weak but definite signal about 2 orders of magnitude smaller than the Na 
(and LI7 ) signal. Hie sample temperature was between U50° and 550°C 
and the flask quickly turned brown from the reaction with the lithium.
It was found that the lithium we were using (Alfa Inorganic Inc.) was 
rich In sodium (.03-.04%) so the next sample was made with low sodium 
grade lithium (Lithium Corp. of America). The sodium signals were still 
large and the oven was so hot that all the lithium in the cup reacted 
with the glass until the signals eventually disappeared. To keep the 
glass from darkening, the tantalum cup and lithium was put In the center 
of the flask, supported by a glass rod. The sanple was heated to 600°C 
and, while the LI® signal was only a factor of 10 or less smaller than 
the Na or Ll7 signal, the sample turned brown and the light source went 
out before It could be determined whether It was Ll7 or Na. However, 
the fact that the signal amplitudes were roughly proportional to the 
ratio of the Isotoplc abundances suggested that the lb signal was less 
with the lithium In the center of the sample. It was conjectured that 
the sodium was coming from the lithium reaction with the glass. The 
next sample was a Pyrex cylinder with a tantalum cup In the center 
supported by a tungsten rod, rubidium Instead of cesium and Isotoplcally 
pure Ll® (Oak Ridge National Laboratory) Instead of natural 11thlinn. 
Tantalum and tungsten do not react with Ll. The sanple was not overheated, 
the maximum signal appearing between 350-A00°C, so that the lithium did 
not react noticeably with the glass. Large Ll® Zeeman signals and the 
first hyperflne signals were observed, but no sodium signal.
At this stage, the solenoid apparatus was set up as previously
described. The first sample tested in the solenoid was also the first 
prepared with the lithium on a tungsten rod (as described in Sample 
Preparation). All subsequent samples were made with the lithium on a 
tungsten rod and run in the solenoid.
3. Systematic Errors
Possible systematic errors were investigated for both isotopes 
prior to taking the final data. It was found at a rather late stage 
of the experiment that the Gertsch FM-6 was responsible for broadening 
the resonance lines. To circumvent this problem the GR Synthesizer was 
substituted for the Gertsch FM-6. All final data was taken with the GR.
The Bloch-Siegert shift,^ due to the counter-rotating magnetic 
field, is a quadratic function of the rf field strength. To make sure 
this effect was not causing a systematic shift, the resonant frequency 
was measured for several levels of rf power by attenuating the rf input 
from 0-10 db. No shift was detected.
The position of the rod in the sample was varied with respect to
the rf loop with no effect observed on the hfs frequency.
64A possible spin-exchange frequency shift, which would be ob­
served as a difference in the resonant frequency for right handed 
versus left handed circularly polarized incident light, was investigated 
but not observed. To cancel any systematic effect not detected, half of 
the measurements were made with the polarizer RH and half LH, accomplished 
experimentally by rotating the Polaroid 900 with respect to the \ wave- 
plate.
The magnetic field was reversed for half of the total measurements 
on any one sample. This gave an indication as tb the errors and fluctua-
tions due to magnetic field effects. The field was also demagnetized
again at this time. For the magnetically independent Li6 transi-
7
tions there was no noticeable change. For Li there was a small effect 
which resulted in a 10Hz maximum variation upon reversing the field. 
These runs were treated as statistically independent and a weighted 
average taken to represent the final number.
In addition to the magnetically independent transitions in Li6 
there are the two magnetic transitions (F=3/2,nip3/2) (F=Jg,mjrfi 
which should average to the same value for the hfs as the magnetically 
independent transitions give. This was checked and found to be the 
case to within 2Hz.
Due to the temperature gradients in the oven, temperature shifts 
were measured to determine the possible error due to these gradients.
No shifts were detected in argon or neon for either isotope over the 
range 350-400°C. There was a shift in helium, amounting to lHz/°C in 
the very worst case. The oven temperature could be controlled to 1°C 
so any shift due to temperature variations did not exceed 1Hz.
For both isotopes a lineshape was plotted to determine any out­
standing asymmetries. The Li^ resonance line was grossly asymmetrical, 
due to the Gertsch frequency generator and too weak a magnetic field.
The field for Li** was 4mG and increased to 20mG for Li7. With the 
General Radio frequency synthesizer the Li6 linewidths varied between 
150 and 300Hz depending upon the rf power and were symmetrical. It was 
frequently necessary to sacrifice a narrow linewidth for signal ampli­
tude by increasing the iff power. Since these transitions were magnetic 
field independent, the linewidths were attributed to a combination of 
spin-exchange and rf power broadening. For Li7 the magnetic field in­
homogeneity contributed 200Hz to the linewidth and the resonance width 
was typically 450Hz. These signals were also symmetrical after using 
the GR rf generator. Fig. 3 is a recorder tracing of a Li® hyperfine 
signal which has been rf power broadened to increase the signal to 
noise ratio. The Rb®® Zeeman linewidth increased from 70Hz at room 
temperature to 120Hz at 4>00oc.
4. Measurement Procedure
Before describing the actual measurement procedure, there will 
be a digression to explain the choice of magnetic fields used. In 
Chapter II it was shown that the Breit-Rabi energy for the observed Li® 
transitions is given by Av' + A * .  M v *//iV. The magnetic
field was chosen to make the second order term less than one hertz. For 
Li® A  V ©  = 228MHz and for a field of 4mG V© = 4KHz so this second 
order term is only 0.3Hz. The above formula now becomes 
which is essentially the zero field hyperfine splitting with a small 
nuclear term u^H which is about 2Hz. To examine the synmetry of these 
two "degenerate" transitions a large field was applied to split these 
nuclear terms. The ' *o amplitudes were equal. The other two hyperfine 
transitions (F=3/2, - 3/2) ^■"^ (F=?g,mF=- were split by 8KHz (2l&)
on either side of t arrow measured transition and for linewidths 
typically of 300Hz there was no mixing of the various hyperfine Zeeman 
levels. In Chapter II it was also shown that the energy equation for the 
measured Li7 transitions is given by
± 3 v>. ; jA>sn. * 3 > V a V ,
Since a 803.5Mlz for Li7, a field of 20mG made the Zeeman splitting 
( ) 15KHz and the second order term was only 0.8Hz. In the UmG field
the Zeeman splitting would be only 3KHz and the splitting between hyperfine 
levels is 2 )?o or 6KHz. In the early stages of the experiment the line­
widths were 1500-2000Hz due in part to the Gertsch frequency generator.
With these linewidths it was found that there was mixing between the hyper­
fine Zeeman levels in low field. Increasing the field to 20mG split the 
Zeeman levels by 30KHz and reduced the linewidth to about lKHz. These 
were eventually reduced to 250Hz using the GR frequency generator. The 
average of the two transitions observed is the zero field hyperfine split­
ting.
The equipment was turned on as early as possible to give the rf 
frequency and magnetic field apparatus and the light source time to 
stabilize. To keep the browning of the lamp bulb to a minimum,-the lamp 
was not run continuously but turned on before each run and shut off after­
wards. The lamp tank circuit was tuned to draw the minimum current from 
the power supply (approximately lOOma at 7 50 volts) and the light inten­
sity, monitored on the microammeter, was maximized by adjusting the tempera 
ture of the Rb reservoir.
The sample flask was set carefully into the oven, the rubidium side 
arm sitting snugly into the cooling tube. Two thermocouples were cemented 
to the sample and the oven door, which was actually the window, was slid 
into place and caulked with Fiberfrax. The end cap was put onto the 
solenoid, a Pyrex tube inserted into the oven exhaust port, extending 
through the endcap hole to the outside, and the lens and photodetector 
were aligned. Both shields were demagnetized, the cooling air turned on 
for the sample reservoir, and the heater coil and air turned on to heat 
the oven.
About two hours later the oven was stablized at either 387°C or
397°C depending upon whether the buffer gas is helium, neon, or argon.
The signals were much smaller in argon than in helium or neon but it 
was found that the signals were slightly larger in argon at 397°C.
The signal was maximized by adjusting the cooling air for the 
optimum rubidium density. The amount of heating air was minimized while 
maintaining the temperature in order to reduce signal noise due to 
"jiggling" of the sample from the hot air. The calibration of the fre­
quency counter was compared with the WWVB standard, maintained to better
Q
than 1 part in 10 accuracy at all times. To minimize the linewidths the 
rf power was attenuated as much as possible while maintaining measurable 
signals with typical signal to noise ratios of 1:10 in argon and 1:100 
in neon. Signal amplitudes varied from sample to sample and between the 
various buffer gases, being the largest in neon and the smallest in argon.
For Li*’ between 40 and 60 measurements were made with each sample. 
After each set of 5 measurements the polarizer was rotated 90° to reverse 
the polarization of the incident light. After half of the measurements 
were made the magnetic field was reversed and the shields demagnetized and 
the remainder of the measurements made. Each measurement was the average 
of two half-power point measurements. Each half-power point was located on 
the lock-in detector and the frequency read from the counter and recorded. 
The Li7 measurements were made in a similar fashion except that two 
transitions were measured and averaged to get the hyperfine splitting.
Four half-power point measurements were made for one transition and then 
four were made for the other transition and these eight measurements 
averaged to get one Li7 measurement. The second measurement was taken by 
measuring the two transitions in the opposite sequence in order to average 
out magnetic field drift effects. About 20 such data points (160 half-
•f
power point measurements) were taken for each Ll sample.
5. Results
For each buffer gas and isotope at least four samples were prepared 
at different gas pressures. The hyperfine splittings for Li® and Li? 
were then fitted, by the method of least squares,77 to straight lines as 
a function of buffer gas pressure and are plotted in figs. 11 and 12.
One point for the Li®-Nfe data is at 280 Torr and lies right on the curve. 
This constituted a check on the linearity of the curves to higher pressures. 
Four corrections were made to the measured pressures prior to fitting the 
data and are derived in Appendix IV. The first was to convert the 
measured pressure from cm of oil to mm of Hg (Torr). The second was to 
correct the pressure in the sample for the change produced by heating the 
flask when it was removed from the vacuum system. Since it is actually 
a density shift (/ * ), it is necessary to know the pressure and
temperature at which the sample was filled with gas. The third correction 
was to correct all pressures to a filling temperature of 300°K. Finally,
A correction was made to allow for the decrease in density due to the 
expansion of the flask at U00°C where the measurements were made. Tables 
I and II sunraarize the data for Li® and Li7 including the standard devia­
tion of the mean and the deviation from the least squares fit. The Li? 
data is seen to have greater standard deviations and does not fit the 
curve as well as Li®. This is due to the magnetic field dependence of the 
Ll? signals and because the pressure dependence of Li? is a factor of 3.5 
greater than Li®. For example, if the limit of error in the pressure is 
- lum of oil, this amounts to only 1.5Hz for Li® in He but 5Hz for Li? in 
He. The other outstanding feature in the data is that for Li® the statis-
FIGURE 11
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tics are the bent for neon and the poorest for helium. This is because
neon gave much larger signals, argon gave the worst signals but had very
little pressure dependence while helium had the largest pressure dependence
and was also the only gas with a noticeable temperature shift. The frac-
/
tional pressure shifts, defined a s an^ zero-pressure inter­
cepts for each buffer gas were obtained from the least squares fit and 
are tabulated in Tables III and IV.
The intercepts for the three buffer gases were averaged to obtain 
a value for the hyperfine splitting. The result for Li® was
228.205261 (12) MHz
and for Li^
XaV  = 803.504094 (25) MHz
These values agree well with the results of the most recent atomic
6 7
beam experiment^ which were = 228.205280(80)Mlz and - 803.
504040(480)Mlz.
t 1
The error in the zero pressure values for and was taken
to be the maximum spread in the intercepts or l/20th of the average line- 




*Hie fractional pressure shifts, jfjp «y ,
ture should not depend on the isotope^ to within the precision of this 
experiment so that the results for the two isotopes were averaged. The 
fractional pressure shifts for lithium are
I ( n
“  ~rz I a 77.7± 1.0 x 10 VTorr in He,
X  I . _Q
^  p  j m 40.5- 1.0 x 10 /Torr in Ne,
7\ S A - I * -5.3*± .5 * 10_,Aorr in Ar.
> r  U .
58.
4 I
A temperature dependence of and in He was observed over 
a temperature range of 50°C. This temperature dependence was found to be
0.010i 0.002Hz/Torr-°C for Li6 and 6.0341 0.002Hz/Torr-°C for Li7. No 
temperature shift could be detected in Ne or Ar « . 0004Hz/Torr-°C) over 
the range from 350°C to 400°C. The explanation of the estimated error in 
the fractional pressure shifts requires a brief digression. Complete sets 
of data for Li® and Li^, which were subsequently disregarded, were taken 
at an early stage in the experiment. A total of 53 samples were made and 
measured of irtiich only 25 were ultimately used in the final analysis. These 
data were disregarded because the signal generator used in the suspect 
measurements turned out to be faulty and was affecting the amplitude and 
width of the signals. In addition, measurements were also made on entire 
sets of flasks in which the pressure was not determined as reliably as was 
possible at a later stage in the experiment. All of this data was considered 
less reliable than the data reported here and was therefore not used in
fc t
the final determinations of A V  and A V  and of the pressure shifts.
Hiis suspect data was used, however, to estimate the error in the
fractional pressure shifts. The estimated error represents the maximum
discrepancy between the shifts obtained from the less reliable data and
the shifts quoted above. It may be of interest to note that the zero-
pressure intercepts for Li*’ and Li7 obtained from the suspect data all lie
4 7
within the estimated errors for andAV given above.
The differential hyperfine anomaly was calculated from the expres-
35
sion given by Schlecht and McColm ^
a .i 3* / * 1* * ‘ \t fti \
«  AW* 3 i  \  Z X t * i ) \  f i t )
The value obtained fxom this experiment for the hf anomaly is 1.060(10)xl0~^
—4which compares with the value quoted in ref. 35 of 1.065(6) x 10 .
The value used for the ratio of the g factors is that used by Schlecht
and McColm, gy/ggB 2.64090588(20). The values used for the nuclear
78masses were taken from tables in Appendix E of Howard:
Mgss 6.017034 (amu)
M7= 7,018232 (amu)
Although the ratio of the hyperfine splittings is known an order 
of magnitude more accurately than previously, a more precise determination 
of the anomaly is not presently possible because the nuclear masses are 
only known to 7 significant figures.
6. Conclusion
The fractional pressure shifts for lithium are compared with the 
pressure shifts for hydrogen and the other alkali atoms on Table V. It 
can be readily seen that the lithium pressure shifts are quite consistent 
with the pressure shiftB observed for the heavier alkali atoms. The 
hyperfine splittings for Li® and Li^ are now known to roughly an order of 
magnitude greater precision than previously and the present value for the 
hyperfine anomaly is confirmed.
TABLE I














Deviation of the 
Mean (Hz)
Deviation 
from the Least 
Squares fit (Hz)
Helium 25.19 387° 47 5709 ±2 +6
Helium 33.86 387 48 5850 ±1 -6
Helium 39.38 387 44 5949 ±2 -4
Helium 54.39 387 48 6220 ii +3
Neon 21.94 387 40 5466 ii 0
Neon 37.73 387 64 5612 ±2 0
Neon 48.58 387 40 5711.5 ±1 -.5
Neon 280.82 387 39 7859 -1 0
Argon 18.45 397 40 5239.5 -2 +1
Argon 23.66 397 59 5232 ±2 -.5
Argon 38.09 397 41 5214.5 ±1 -.5
Argon 54.70 397 60 5193.5 -2 -1
Argon 62.23 397 53 5186.5 ±2 +1
TABLE II














Deviation of the 
Mean (Hz)
Deviation 
From the Least 
Squares fit (Hz)
Helium 24.16 387° 33 5607 -2 +1
Helium 31.80 387 20 6092 ±2 +5




Helium 60.65 387 22 7909 +3 +3
Neon 11.47 387 23 4476 ±3 -5
Neon 25.16 387 15 4930 ±2 +3
Neon 40.64 387 25 5438 -3 +7
Neon 58.54 387 20 6009 ±1 -5
Argon 24.41 397 21 3993 ±2 +6
Argon 32.05 397 20 3949 13 -5
Argon 44.78 397 24 3897 ±3 -3
Argon 67.61 397 24 3804 +4 +2
TABLE III
Zero pressure intercepts and fractional 





Zero - Pressure 
Intercept ( 4 -228200000)Hz
Fractional Pressure 
Shift
He 387° 5260 77.0 x 10“9/Torr
Ne 387 5263 40.5 x 10-9/Torr
Ar 397 5261 -5.34x 10“9/Torr
TABLE IV
Zero pressure intercepts and fractional 





Zero - Pressure 
Intercept ( jyj * -803500000)Hz
Fractional Pressure 
Shift
He 387° 4083 78.4 x 10~9/Torr
Ne 387 4107 40.5 x 10-9/Torr
Ar 397 4092 -5.34x 10~9/Torr
TABLE V











He 4.80 77.7 73 94 105.3 114 174
Ne 2.88 40.5 45 51 57.4 63.1 70.7
A -4.77 -5.34 3 -1 -7.5 -20.6 -27.2
* The numbers listed here are taken directly from the references given at the head of each column, and they 
have not been adjusted for differences in gas filling temperatures or operating temperatures.
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APPENDIX I
HYPERFINE INTERACTION
The following is a brief derivation of the hyperfine interaction
18given by Blinder.
The starting point is the Dirac Equation for an electron in a 
field ( , A)79
, £ = j c 5s * ^
2
Defining E ■ E -me we have then, for stationary states,K
I c ir + If-Otnc - efj V '  * £■
Recalling
this leads to the coupled equations for and V*
0% 7T * O
( £ + e  4 + z * ' c X )  H {  - c  y ?  * °
Eliminating from these equations gives
f £ +  * 4  f-'frkw ? - 7 r j y  = *
which can be written K t r t - e V  
where &(*} is defined as m — *
Substituting the definition for 7T » i«&. we find
'H'tr « y *  y ' *  y *
where , ^  -
^  —  CT, p V* P
y'. —  f j.? ><«■,» ff./f + c-* ter) F.?r
I W C  I '
y l» —  % i?(t) 5 i /
2tnc>
The term contains the ordinary potential and kinetic energies of
the electron (with relativistic corrections) plus the spin-orbit coup­
ling.80
The hyperfine interaction comes from . Considering the
nucleus a point magnetic dipole of magnetic moment y£i * ^  jtf# JT
r *
Since p r • ^  we have
Pktr) *  k(rjf-ik ^  jjf
and ^  becomes .
%  + ‘ * ' < ? * * + * *  * 1 1 * $ [ ~ ' ^ r
Substituting for A and manipulating vectors gives
y- F.rJ
d M f  f - / -  x  *  5 " ? 1  \
drL r* r* J J+ 
Blinder shows that for r» o, k(r)4To and for r>o k(r) Jfc 1 and k*(r) K$(r) 
<£(r) « hJTr2 ^  (r) so that
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3j L W l , '  *  T
Tha last term la the Perm! contact interaction. The first
term reduces to
-  < njj I ~-3 I nlj > i! £ +!)
which is zero for ^ = 0.
APPENDIX II
BREIT-RABI FORMULA
For an atom with a hyperfine interaction in a magnetic field
* A
H«kfl0 the Hamiltonian can be written
W .  U  t  j  x ■ H.
A  jT'J*** 6 Ji
Expanding I»J as IxJx+IyJy+Iz Jz and then rewriting it in an equal but 
less obvious form
* x7 * i x + x .  +it r -  J+
the Hamiltonian becomes
J J *iU i . x*-e -<fit
The mi,mj representation is arbitrarily chosen. FZ»IZ+JZ (mp«mj+tnj)
o<
commutes with the Hamiltonian:
7 *  ° ,[%, 
f t , * ’ * ]  : [ F,,x,7 Ji - r, [ Ft , x,2 ■ •
f 5 , x *  x_] • [ P t t x .7 j: * t-7
* t x * . z + 1T - T-1
* £  -If* J*-J ■ O
Therefore, all matrix elements not diagonal in mpamj+nij will vaniBh. 




Where m ■ mp
When m has its maximum or minimum, i.e. me iCl+^ j), the solution is simple;
E- « I,- j -I, - ^  ■ Aghal +dl+ Ip
For the other cases we have to solve the secular equation.
! * > *  *  I4i > +  l> > i 
W / (/’ > « £  / ^ >
<<*» / w / ^>> - e < 4 , i y i 4 , ^
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Which is the Brclt-Babi Forwila.
The Breit-Rabi formula gives the energy of one m level of one of the 
hyperfine doublet F levels. To get the hyperfine splitting frequency 
the energy difference must be taken.
• £ir £ '
A* J
This formula is exact. To simplify the expression it can be expanded 
into its series solution.
A V *  *  \/T+4'~J
*  I - j f -
substituting back i .  < & *  and ^  . *
1X4! (**+')
keeping only terms to second order in x
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2 X + i  ^  where ^  is the Zeeman splitting.
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APPENDIX III
POLARIZATION TRANSFER VIA SPIN-EXCHANGE
The Rb atom is assumed a spin % particle. The ensemble of Rb 
atoms Is polarized with polarization P^. The Li atom is also assumed 
a spin % particle and has polarization P2"0 before collision. The 
problem is to determine the polarization of the lithium after colli­
sion with the rubidium.
where fa and ft ere the singlet and triplet scattering amplitudes. 
The scattering matrix will be written in the abbreviated form
The density matrix for the combined system before collision
81is given by the product of spin \ density matrices:
The indices 1 and 2 refer to Rb and Li respectively.
The scattering matrix can be written
The final density matrix after scattering is given by
where the denominator insures that fr ^  ■ 1 and is equal to the total 
differential scattering amplitude
By de£inttion the polarization of the lithium after collision is
P / .  •TrSiSl*St/x
*  $ T r 5 ; ( * + b a ; . * ) (  1 + Pr S , ) ( a * * S * * )
* 4 T r  (  a a *  *  Cl a * %  5; ♦ k a  • 5*
♦  fca* «,• Tf• or +  *  ^  *****
ja
+  H'ff, a;-?. *  b l  «!••» • I ’fft
+ tb* fj-a; «i
Since the Tr or ■ 0 the only non-zero terms are the hth and 6th.
T r % .  ( 5 *  ? ♦»  3 ; - f« ix 5)J
«  T * » » <  - *»».
*** x  ? '*  z ( b / *  « b * jE
X «  I r S f l - S 1’* 4 T r  *«»** *4 r r
So
^  *  ( b a *  * « > » * ; *  m
* ’  * a /a |* * 3/b /fc
2
In conclusion, the initially unpolarized lithium has acquired
some polarization after collision with the polarized rubidium.
In a sealed sample flask, an atom undergoes several collisions
and so one must use the total scattering S matrix (S ■ I + T) and not
assume that the second species is unpolarlzed.
82R. H. Lambert has recently pointed out that only the electronic 
polarization enters into the equation of motion for the electronic 
polarization of a ground state atom undergoing spin-exchange collisions. 
The density matrices are not assumed diagonal. The result for the rate 
equation is given by
and K is the shift parameter
The vector product term shows that the polarisation of species (2) acts 
the way a magnetic field would on P(l),
APPENDIX IV
CORRECTIONS 10 SAMPLE PRESSURE
1.) Conversion to Torr
Hie specific gravity of DC 705 fluid (25°C) is 1,09 (Dow Corning 
Bulletin: 05-059)
2.) Correction for heating of sample during seal-off
P ■ pressure on manometer before removing sample 
V * volume of system including sample 
P* ■ pressure on manometer after removing sample 
P8 ■ pressure in sample 
Va ■ volume of sample
The total number of gas atoms in the system is conserved, therefore:
*3 It. S V C
FV ■ P* <V-VS) + P8V s
P8 - PV-P* (V-V,) - P’V b/V,*<P-P')V/V8
81
3.) Correction to 3O0°K filling temperature 
Since n and V do not change, the density la constant
P*A* * P A  ■ nk/V 
p* m t*pA
P» (at 300°K) ■ 222 P 
T
4.) Expansion correction
Again nlcT is constant (T is the filling temperature)
PV ■ P'V* Where the primes denote the pressure and 
volume at 4Q0°C.
P* • PVA'
V(r) « - V  r3 
3
T*(r+ir) ■ £ ft* (r+Ar)3 ■ 4 y  (r^+3r2A  r+3r£ r2 ♦ Ar®) 
3 3







At 400°C AL/L ■ l.lxlO"3
P* » PA.0033
